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Abstract
Ultracold paramagnetic and polar diatomic molecules are among the promising systems for quantum
simulation of lattice-spin models. Unfortunately, their experimental observation is still challenging. Based
on our recent ab-initio calculations, we analyze the feasibility of all-optical schemes for the formation of
ultracold 87Rb84Sr bosonic molecules. First, we have studied the formation by photoassociation followed
by spontaneous emission. The photoassociation rates to levels belonging to electronic states converging
to the 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2) asymptotes are particularly small close to the asymptote. The
creation of molecules would be more interesting by using deeply levels that preferentially relaxes to the
v′′ = 0 level of the ground state. On the other hands, the photoassociation rates to levels belonging to
electronic states converging to the Rb(5p 2P1/2,3/2)+Sr(5s2 1S) asymptotes have high value close to the
asymptote. The relaxation from the levels close to the asymptotes creates weakly-bound molecules in
mosty only one vibrational level. Second, stimulated Raman adiabatic passage (STIRAP) achieved in
a tight optical trap efficiently creates weakly-bound ground-state molecules in a well-defined level, thus
providing an alternative to magnetic Feshbach resonances to implement several schemes for an adiabatic
population transfer toward the lowest ground-state level of RbSr. Finally, we have studied STIRAP
process for transferring the weakly-bound molecules into the v′′ = 0 level of the RbSr ground state.
1 Introduction
Ultracold diatomic molecules, namely with translational motion cooled down to temperatures well below
one millikelvin, and internal degrees of freedom reduced to a single quantum level [1], are nowadays well
recognized as promising systems for quantum simulation, quantum computation, ultracold chemistry and
precision measurements. This is particularly true for those species which possess additional internal properties
like a permanent electric dipole moment (PEDM) in their own frame, and/or a magnetic dipole moment, as
they can be manipulated by external electric and magnetic fields [2, 3, 4, 5, 6].
The first translationally-ultracold molecular species ever produced were homonuclear, namely Cs2 [7], and
Rb2 molecules [8]. The formation process relied on photoassociation (PA) of ultracold atomic pairs followed
by radiative emission (RE) down to the electronic ground state [9]. Shortly after, several groups were able
to create heteronuclear diatomic species with the same approach [10]. A first breakthrough came with the
direct observation of ultracold molecules formation (UMF) in the lowest rovibrational level (v = 0, J = 0) of
their ground state [11], with some ability of control of their internal state [12, 13, 14]. The fully-controlled
creation of ultracold dipolar molecules was demonstrated at about the same time on the KRb polar species
[15, 16, 17], but using the alternative approach of magnetoassociation of an atom pair into a weakly-bound
molecule, followed by a stimulated Raman adiabatic passage (STIRAP) to transfer population into the lowest
energy level of the KRb electronic ground state.
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Ground-state species exhibiting an additional magnetic moment are for instance diatomic molecules com-
posed of an alkali-metal atom and an alkaline-earth atom (or an Ytterbium atom), in which the magnetic
dipole moment comes from the existence of an unpaired electron. Surprisingly, the spectroscopy of such
diatomic molecules is still poorly known. The recent interest for such ultracold species triggered several in-
vestigations at relatively low resolution [18, 19, 20, 21, 22, 37]. However these species are still challenging to
create in the ultracold domain. After an initial prediction [24], magnetic Feshbach resonances have been ob-
served for 87Rb88Sr and 87Rb87Sr molecules [25], but they are not yet used for the formation of weakly-bound
ground-state 87Rb88Sr .
All-optical methods are attractive to create ultracold molecules as they do not rely on peculiarities of the
molecular structure like the presence of Feshbach resonances in the ground state at moderate magnetic fields.
Here we model the PA+RE sequence mentioned above for the 87Rb84Sr bosonic species. As expected we find
that it is not selective enough to populate a single quantum level in the molecular ground state. Therefore we
consider the motional levels of a tight trap [26] to implement a STIRAP transfer, as previously demonstrated
with Sr2 molecules [27, 28]. Our calculations are based on the RbSr electronic structure data previously
obtained in our group [29, 30], which are recalled in Section 2. We compute in Section 3 PA and UMF rates,
when the PA laser is tuned to the red of either the (5 2S1/2 → 5 2P1/2,3/2) resonant transitions in 87Rb, or the
(5 1S0 → 5 3P0,1,2) intercombination transitions in 84Sr. The transition 1S0 → 3P1 is indeed employed for the
cooling of Sr atoms in ongoing experiments for quantum degenerate mixtures of strontium and rubidium atoms
[31]. Relying on the obtained knowledge about transition dipole moment, we propose promising candidate
levels to implement STIRAP process in a tight optical trap to create weakly-bound ultracold 87Rb84Sr ground
state molecules (Section 4), and their transfer into the lowest vibrational level of their ground state using a
second STIRAP sequence (Section 5). For convenience purpose in the calculations, atomic units of distance
(1 a.u.= a0 = 0.052917721067 10−10 m), energy (1 a.u.=1 hartree=219474.6313702 cm−1) and electric dipole
moment (1 a.u.=2.54175 D) will be used throughout the paper, except otherwise stated.
2 Electronic structure of the RbSr molecule
In this work, we are interested in the states correlated to the three lowest dissociation limits of RbSr (turning
into six limits when spin-orbit interaction is included), listed with increasing energy: Rb (5s 2S) + Sr (5s2 1S),
Rb (5p 2P ) + Sr (5s2 1S) and Rb (5s 2S) + Sr (5s5p 3P ). They give rise to three sets of electronic states
(labeled in Hund’s case a notation (N)2S+1Λ), namely ((1)2Σ+, or more commonly X2Σ+), ((2)2Σ+, (1)2Π),
and ((3)2Σ+, (1)2Π, (1)4Σ+, (1)4Π), respectively. The corresponding potential energy curves (PECs), and
transition dipole moments (TDMs) between the X2Σ+ ground state and several excited electronic states
are displayed in Fig. 1. For the calculations in the next sections, we have selected full configuration-
interaction (FCI) calculation performed on the three valence electrons moving in the field of relativistic large
effective core potentials (ECPs), including core-polarization potentials (CPP), and extrapolated to large
distances, which were reported in our previous work [30]. Several features of the PECs are important to
notice for the following. First, except for the (1)4Σ+ state, the equilibrium distances of excited-state PECs
are significantly smaller than the one of the ground-state PEC. Second, two curve crossings are visible,
between the (2)2Σ+ and (1)2Π PECs, and between the (3)2Σ+ and (2)2Π PECs. These features are also
present in two other available calculations displayed in Fig. 2 from very different methods, namely the
EOM-CCSD (equation-of-motion coupled-cluster method limited to singly and doubly excited configurations)
method employed in Ref.[30, 33], and the MCSCF-MRCI (MultiConfigurational Self-Consistent Field-Multi-
Reference Configuration Interaction) method of Ref.[33]. Figure 2 reveals a good overall agreement among
all the results, recalling however that the EOM-CCSD results for the excited electronic states are probably
less accurate than the other results, as already discussed in Ref.[30]. We also note in the upper panel, that
the PECs from Ref.[33] converge to a dissociation energy larger by 107 cm−1 than ours. This is related to the
excitation energy of the Sr(5s5p 3P ) level, found 20 cm−1 above (resp. 87 cm−1 below) the experimental one,
in the MCSCF-MRCI calculations (resp. FCI and EOM-CCSD calculations [30, 34]). In order to illustrate in
a complementary way the above results, we display in Table 1 the spectroscopic constants of these PECs, as
well as the coefficient C6 of the leading-order term of the long-range van der Waals interaction between Rb
and Sr [35]. For the ground state, the calculations of Chen et al. [36] is also included. Deeply-bound spectra
with thermoluminescence and Laser induced fluorescence between (X)2Σ+ and (2)2Σ+ states have been made
by A. Ciamei et al. [37]. They simulated fluorescence spectra using PECs from FCI ECP+CPP, EOM-CCSD
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Figure 1: Upper panel: potential energy curves of the electronic states relevant for the present study, restricted
to distances smaller than 20 a.u. for clarity. Lower panel: transition dipole moment between the (1)2Σ+
ground state and the 2Σ+ and 2Π states of the upper panel [30] (solid curves), compared to those of Ref.[32]
(dashed lines). We note that our computed transition dipole moments (TDMs) properly match the atomic
TDMs at large distances, while those of Ref.[32] are overestimated by about 10% at this limit.
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Figure 2: Comparison of potential energy curves of the lowest excited states of RbSr calculated with FCI
ECP+CPP (solid lines), EOM-CC (dashed lines) [30], and MCSCF-MRCI (dotted lines) methods [33].
and MSCF-MRC calculations and compared with the experimental one. For all three calculations, only few
experimental band heads can be identified unambiguously. The predicted wavenumber for the 0-0 band head
is very close in the case of the MSCF-MRCI calculation. The difference with the FCI ECP+CPP and EOM-
CCSD calculation are respectively 25 cm−1 and 400 cm−1. On the other hands, the FCI-ECP and EOM
CCSD calculations can predict more bands than the MSCF-MRCI calculation and the shape of the simulated
spectrum is closer to the experimental one.
It is well known that a model for a PA spectrum depends on two crucial inputs: the long-range behavior
of the PECs of the relevant states, and the scattering length of the ground state. Therefore the (X)2Σ+
ground state PEC has been smoothly matched at 15a0 to an asymptotic expansion expressed as −C6/R6 −
C8/R
8 − C10/R10, with C8 = 4.609 × 105 a.u. and C10 = 5.833 × 107 a.u. [35]. In contrast, the long-range
expansion of the excited-state PECs has been restricted to the −C6/R−6 term (Table 1).
In the absence of a global PEC determined spectroscopically for the ground state, one cannot rely on
the scattering length provided by the computed PEC. However the binding energies of the two uppermost
vibrational levels of the 87Rb84Sr molecule relative to the Rb (5s 2S, F = 1) + Sr (5s2 1S) limit (where F
denotes the total angular momentum of the Rb atom accounting for the nuclear spin) have been recently
measured by A. Ciamei and coworkers [37] in a two-photon photoassociation experiment leading to 9.67 ×
10−4 cm−1 and 2.49 cm−1. Therefore we have slightly modified the position of the repulsive wall of the PEC
around the dissociation limit in order to match these experimental energies. The calculations of ground state
eigenenergies were performed with the Mapped Fourier Grid Hamiltonian method (MFGH) [38, 39, 40, 41].
The adjustment was constrained to the condition that the spectroscopic data of Table 1 remain unchanged
(i.e. the bottom of the PEC is unchanged). The best agreement was found when moving the inner turning
point by 0.042 a0 toward smaller distances. After this adjustment, the scattering length has a value of 89.3
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Table 1: Main spectroscopic constants of the 87Rb84Sr electronic states correlated to the three lowest disso-
ciation limits. The labels ”a” and ”b” for Ref.[30] refer to the calculations with the FCI-ECP method, and
the EOM-CCSD method, respectively (see text).
State Re De ωe C6 [35] Limit
(a0) (cm−1) (cm−1) (a.u.)
(X)2Σ+ 8.69 1073.3 38.98 3699 Rb(5s 2S)+Sr(5s2 1S) [30]a
8.82 1040.5 38.09 [30]b
8.65 1283.5 42.1 [33]
8.827 1017.58 36.017 [36]
(2)2Σ+ 8.40 4982.9 58.37 23324 Rb(5p 2P )+Sr(5s2 1S) [30]a
8.51 4609.6 60.20 [30]b
8.54 5144.3 58.9 [33]
(1)2Π 7.31 8439.8 79.50 8436 [30]a
7.42 8038.6 83.19 [30]b
7.39 8770.2 79.5 [33]
(3)2Σ+ 7.67 3828.0 65.26 8929 Rb(5s 2S)+Sr(5s5p 3P ) [30]a
7.81 2892.4 62.48 [30]b
7.84 3677.8 57.4 [33]
(2)2Π 7.65 4421.2 67.60 5716 [30]a
7.88 3303.5 63.37 [30]b
7.80 4450.3 65.8 [33]
(1)4Σ+ 11.63 336.3 15.42 8929 [30]a
11.81 329.2 15.03 [30]b
11.64 396.7 16. [33]
(1)4Π 8.06 2838.1 56.98 5716 [30]a
8.24 2655.7 54.95 [30]b
8.16 3053.9 57.6 [33]
5
a.u. which is close to the experimental one (92.7 a.u.) [37] .
Important features of TDMs can be pointed out, and may have a strong influence on the optical response
of RbSr molecules. First, the spin selection rule forbids transitions between doublet and quartet states (the
latter are not reported in Fig.1). Second, the atomic transition Rb (5s 2S) → Rb (5p 2P ) is allowed while
the atomic transition Sr (5s2 1S) → Sr (5s2 3P ) is spin-forbidden. This atomic selection rule is visible in the
long-range part of the TDMs on Fig.1 b). Finally, at short-range, the TDM with the (2) 2Σ+ state is large,
while the TDM with the (1) 2Π state is close to zero at short range.
Spin-orbit (SO) splitting being large for the lowest excited states of both atoms (∆Rbfs = 237.1 cm−1 and
∆Srfs = 581.1 cm−1), it must be taken into account to model the PA spectrum. We used the same approach
as in Ref.[30]: first the two sets of PECs correlated to the Rb (5p 2P ) + Sr (5s2 1S) and Rb (5s 2S) + Sr
(5s5p 3P ) dissociation limits are considered independently, and the atomic SO operators WˆRbso = ARb~`Rb.~sRb
and WˆSrso = ASr(~`Sr1 .~sSr1 + ~`Sr2 .~sSr2 ), respectively, are used as perturbations to the Hamiltonian containing
the kinetic operator and the electrostatic interactions. The states including SO are labeled according to the
projection |Ω| of the total electronic angular momentum on the molecular axis (Hund case (c)). For the
former asymptote, the |Ω| = 3/2 Hamiltonian matrix (including electrostatic interaction and SO) reduces to
a single element WRbso (|Ω| = 3/2) = V ((1)2Π) + 2ARb, where ARb = ∆Rbfs /3, while the matrix for |Ω| = 1/2
reads
WRbso
(
|Ω| = 12
)
=
(
V ((2)2Σ+)
√
2ARb√
2ARb V ((1)2Π) +ARb
)
. (1)
For the latter dissociation limit, defining ASr = ∆Srfs /3, the maximal value of |Ω| is 5/2, with a single matrix
element WSrso (|Ω| = 5/2) = V ((1)4Π) +ASr, while the matrices are, for |Ω| = 3/2 and |Ω| = 1/2 respectively,
WSrso
(
|Ω| = 32
)
=

V ((2)2Π) + 23ASr
√
1
3A
Sr −
√
2
3 A
Sr√
1
3A
Sr V ((1)4Σ+)
√
2
3A
Sr
−
√
2
3 A
Sr
√
2
3A
Sr V ((1)4Π) + 13ASr
 (2)
and
WSrso
(
|Ω| = 12
)
=

V ((3)2Σ+)
√
8
9A
Sr 0 − 13ASr
√
1
3A
Sr√
8
9A
Sr V ((2)2Π)− 23ASr 13ASr −
√
2
3 A
Sr 0
0 13ASr V (4Σ+)
√
8
9A
Sr
√
2
3A
Sr
− 13ASr −
√
2
3 A
Sr
√
8
9A
Sr V ((1)4Π)− 13ASr 0√
1
3 0
√
2
3A
Sr 0 V ((1)4Π)−ASr

(3)
The Hund’s case c PECs (N)Ω including SO interaction are straightforwardly obtained by diagonalization
of the full hamiltonian involving these matrices at each fixed R value (Fig.3). The asymptote Rb (5p 2P ) +
Sr (5s2 1S) is split in Rb (5p 2P1/2) + Sr (5s2 1S) and Rb (5p 2P3/2) + Sr (5s2 1S) while the asymptote Rb
(5s 2S) + Sr (5s5p 3P ) is split in Rb (5s 2S) + Sr (5s5p 3P0), Rb (5s 2S) + Sr (5s5p 3P1) and Rb (5s 2S) +
Sr (5s5p 3P2) (hereafter referred to as the 3P0, 3P1 and 3P2 asymptotes, in short). A single Ω = 1/2 PEC
is correlated to the 3P0 asymptote, while two such PECs match the 3P1 and 3P2 asymptotes. Similarly, a
single Ω = 3/2 PEC is correlated to the 3P1 asymptote and two PECs to the 3P2 asymptote. The equilibrium
distances for excited states PECs are still smaller than for the ground state, except for the (8)1/2 and (3)3/2
states composed mainly of (1)4Σ+ state. The crossings in the Hund case (a) PECs become avoide crossings
in the Hund case (c).
We display in Table 2 the corresponding fundamental spectroscopic constants, as they are provided in
several other publications [33, 36]. As expected from Fig.2, the equilibrium distances Re and the harmonic
constants ωe are those of the states without SO, as the avoided crossings occur far from Re. The dissociation
energies are significantly changed, reflecting the magnitude of the atomic SO splittings. As already noted,
our results are in good agreement with those of Ref. [33]. In contrast, significant differences are found
with the work of Ref. [36], in particular for the well depth and for the ωe constant. In the latter work,
the authors used the relativistic Dirac-Coulomb Hamiltonian where the electronic spin and consequently the
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Table 2: Main spectroscopic constants of the 87Rb84Sr electronic states including spin-orbit interaction, as
compared to other published data. The corresponding dissociation limits are also indicated for clarity sake.
FCI ECP+CPP [30] KR-MRCI [36] MCSCF-MRCI [33] Asymptotes
State Re (a0) De (cm−1) ωe (cm−1) Re (a0) De (cm−1) ωe (cm−1) Re (a0) De (cm−1) ωe (cm−1)
(2) Ω = 12 7.30 8283.9 80.12 7.27 7883.09 85.73 7.43 8569.0 79.6 Rb(5p 2P1/2)+Sr(5s2 1S)
(3) Ω = 12 8.39 5136.41 59.04 8.39 4683.56 58.43 8.56 5252.3 58.7 Rb(5p 2P3/2)+Sr(5s2 1S)
(1) Ω = 32 7.31 8439.8 79.50 7.29 7957.31 87.18 7.41 8727.6 80.4
(4) Ω = 12 7.66 4234.40 68.85 7.82 4202.3 64.1 Rb(5s 2S)+Sr(5s5p 3P0)
(5) Ω = 12 7.69 3635.19 65.77 7.94 3436.2 52.4 Rb(5s 2S)+Sr(5s5p 3P1)
(6) Ω = 12 8.06 2851.68 57.41
(7) Ω = 12 8.03 3112.45 57.63 Rb(5s 2S)+Sr(5s5p 3P2)
(8) Ω = 12 11.27 476.41 20.57
(2) Ω = 32 7.66 4129.30 68.34 7.82 4107.4 64.5 Rb(5s 2S)+Sr(5s5p 3P1)
(3) Ω = 32 8.06 2990.04 57.64 Rb(5s 2S)+Sr(5s5p 3P2)
(4) Ω = 32 11.30 501.73 21.05
(1) Ω = 52 8.06 2990.04 56.98
related R-dependent relativistic interactions are explicitly accounted for in the Hamiltonian under a four-
component framework, as initially developed in the approach of Ref.[42], so that the spin-orbit interaction
is included in a non-perturbative way. But they used a basis set which is significantly smaller than the one
of Ref.[33], which thus may not be fully appropriate for excited states. Such differences in the PECs may
also indicate a noticeable variation of the molecular SO coupling with the internuclear distance. Note that
we have proved for the heaviest alkali atom Fr [43] that an electronic structure calculation including only
the scalar relativistic term (as performed here) yields satisfactory electronic atomic orbitals even for such a
heavy species.
In Fig.3 we also displayed the R-dependent quantity labeled with effective TDM2, representing, for each
molecular state (N)Ω including SO, the linear combination of the squared R-dependent TDMs of Fig.1
associated to the transitions from the ground state toward the states involved in (N)Ω. The weights of this
combination are the squared components of the eigenvector associated to (N)Ω. It should be noted that
this quantity is not the one to consider for actually computing transition probabilities, i.e. it should not be
used in an integration over R weighted by a pair of radial vibrational wave functions. Therefore the TDM2
quantities, referred to as ”effective squared TDM” for convenience, only provide a qualitative description
of the actual mixture of states without SO composing (N)Ω, by comparison between Fig.3 and Fig.1. As
expected, our results for the TDM2 quantities are very similar to those of Ref.[33]. This representation of
the TDMs allows us to point some features that have an impact on PA. First, the avoided crossings between
PECs induce crossings between TDM curves due to the change of the nature of the electronic states. At short
range, the (2) 1/2 state (resp. the (3) 1/2 state) is mainly composed of (2) 2Π state (resp. (1) 2Σ+ state).
This results in a high value for the former, and a low value for the latter. The 2Π state composition of the (1)
Ω = 3/2 state is also clear. For the TDMs for the states correlated to Rb(5s 2S)+Sr(5s5p 3P0,1,2), the main
characteristic is the non-zero value for (6),(7) and (8) Ω = 1/2 states. Even if they are constituted of quartet
state at short-range, the mixture with doublet states due to the spin-orbit interaction implies non-zero values
at larger distance. At short-range, we can also notice that the (4) Ω = 1/2 and (2) Ω = 3/2 states are mainly
composed by (2) 2Π state while the (5) Ω = 1/2 state is mainly constituted by (3) 2Σ+ state.
3 Photoassociation of 87Rb84Sr molecules
3.1 Methodology
The photoassociation rate toward a vibrational level v′ of an excited electronic state e, at low laser intensity I,
of a 87Rb84Sr pair colliding in the the X ground state with relative energy E = kBT , is computed according
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Figure 3: RbSr potential energy curves of excited states including spin-orbit interaction as described in the
text, and corresponding effective squared transition dipole moments from the X2Σ+ ground state towards
the states correlated to Rb(5p 2P1/2,3/2)+Sr(5s2 1S) (left column), and to Rb(5s 2S)+Sr(5s5p 3P0,1,2) (right
column).
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to the perturbative approach reported in Ref. [44]:
RPA(X → e, v′;T, I) = 2pi
1/2h
c
(
3
2
)3/2
λthIA| 〈φev′ |µeleX |uX` (E)〉 |2, (4)
where λth =
√
h2
3µkBT is the de Broglie thermal wavelength of the atom pair with reduced mass µ, I is
the intensity of photoassociation laser, A is an angular factor, φev′(R) is the vibrational wave function of
the photoassociated level v′, uX` (kBT,R) is the continuum wave function of the colliding pair assuming
a rotational quantum number (partial wave) `, and µeleg(R) is the R-dependent transition dipole moment
between the X and e electronic states. For simplicity, we have considered an s-wave collisional regime
(` = 0), and we have taken A = 1, thus ignoring the dependence on the light polarization and on the internal
states of the colliding atoms. The values of I = 10 W/cm2 and T = 5.5 µK are typical of the ongoing
experiment [37], and are within the limits of validity of Eq. (4), namely in the linear regime for I, and a
non-degenerate quantum gas.
The radial wave functions above are calculated with the Mapped Fourier Grid Hamiltonian (MFGH)
method [38][39][40][41], using a grid extending from Rmin = 5a0 to Rmax = 2000a0, containing up to 1551
points. We have checked the convergence of the calculations with the size of the grid. The continuum
and vibrational levels of the X2Σ+ ground state are described in a single-channel representation, the wave
functions (normalized to unity) discretized levels of the continuum being renormalized in energy at the end of
the calculation by dividing the wave function by the square root of the level density [45]. The vibrational wave
functions of the 87Rb84Sr excited electronic states coupled by SO interaction are obtained from a multichannel
representation according to Equations (1-3), and are therefore linear combinations of the related Hund’s case
a electronic states weighted by the radial wave functions φev′2Σ and φev′2Π. The squared matrix elements of
the transition dipole moment µeleg(R) involve the contributions of the 2Σ+ and 2Π components of the coupled
excited electronic states as
| 〈φev′ |µeg|uX0 (E)〉 |2 = | 〈φev′2Σ|µ2ΣX |uX0 (E)〉 |2 + | 〈φev′2Π|µ2ΠX |uX0 (E)〉 |2, (5)
where the TDM functions µ2ΣX(R) and µ2ΠX(R) are those displayed in Fig.1. This equation is valid in the
case of unpolarized light in the laboratory frame.
Two cases are of relevance for our study. First, the Sr intercombination (spin-forbidden) transition is used
in ongoing experiments devoted to the formation of the quantum degenerate mixture of strontium and rubid-
ium atoms [31]. Therefore we have studied the photoassociation close to the 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2)
asymptotes. However PA will proceed in a very different way if it is implemented for laser frequencies close to
the Rb dipole-allowed transition, namely, exploring bound levels close to the 87Rb(5p 2P1/2,3/2)+84Sr(5s2 1S)
asymptotes, as investigated theoretically in Ref. [36].
Before the presentation of our systematic results for these situations, it is worthwhile to emphasize on
the importance of accounting for the R dependence of the TDM functions in the PA rates, which is not
considered in Ref. [36]. For this purpose it is convenient to decompose the squared TDMs of Eq. (5) as
the product of the squared overlap between radial wave functions (or Franck-Condon factors, FCF), and the
values of electronic transition dipole moment at the outer turning point RC of φev′ for the corresponding
excited electronic state :
| 〈φev′ |µeg|uX0 (E)〉 |2 = µ2eg(RC)| 〈φev′ |uX0 (E)〉 |2. (6)
The general trend of the squared TDMs is illustrated in Fig.4 with the (4) 12 and the (2)
1
2 states, respectively
correlated to 87Rb(5s 2S)+84Sr(5s5p 3P0 and 87Rb(5p 2P1/2)+84Sr(5s2 1S). The squared TDMs have similar
magnitude over most of the energy range of the potential wells, like the corresponding transition dipole
moments in the molecular range (R < 12 a.u. typically, see Fig. 1). Their behaviors are very similar to
the FCF’s ones. Close to the 87Rb(5s 2S)+84Sr(5s5p 3P0) asymptote, the squared TDM vanishes as µ2eg(RC)
while the FCFs increase. Therefore the FCFs are not anymore representative of the behavior of the squared
TDMs. This is in striking contrast with PA close to the 87Rb(5p 2P1/2)+84Sr(5s2 1S) limit, for which the
squared TDMs and the squared FCFs have similar behaviors. This decomposition of squared TDMs will also
be useful for analyzing the PA spectra in the next section.
In this Section we consider the formation of ultracold molecules by RE of the photoassociated molecules.
For simplicity we assume, like in Ref.[44], that the RE probability is given by
∑
v′′ | 〈φev′(R)|φgv′′(R)〉 |2, such
9
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Figure 4: Squared dipole matrix element for (a) the (4) 12 levels correlated to 87Rb(5s 2S)+84Sr(5s5p 3P0),
and (b) the (2) 12 levels correlated to 87Rb(5p 2P1/2)+84Sr(5s2 1S), as a function of the PA laser wavenumber.
Black lines: squared TDM from Eq.(5). Red lines: squared overlap (FCF) between the radial wave functions
involved in the PA rate. Blue lines: value of squared TDM at the outer turning point RC of the radial wave
function of the photoassociated level.
that the resulting ultracold molecule formation (UMF) rate per atom is written as
Rv
′
mol = Rv
′
PA
∑
v′′
| 〈φev′ |φgv′′〉 |2. (7)
Note that Eq. (7) should be employed with care in the case of PA spectra close to the 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2)
asymptotes as the TDM vanishes at large distances. It is actually more interesting to focus on the vibrational
distribution in the ground state levels after RE, which is more sensitive to the R-variation of the electronic
TDMs than the total UMF rate. We express the probability P (v′′ ← v′) of a ground-state level v′′ to be
occupied after RE from the photoassociated level v′ as
P (v′′ ← v′) = | 〈φ
e
v′ |µeg|φgv′′〉 |2∑
v′′ | 〈φev′ |µeg|φgv′′〉 |2
. (8)
3.2 The 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2) dissociation limit
PA rates for the five Ω = 12 states are shown on Fig. 5. For each potential, the analysis of these PA spectra
could be divided in three parts : deeply levels, intermediate levels and levels close to the asymptotes. For the
deeply levels, the PA rate depends on their main composition of Hund case (a) states. The most important
values are obtained for (4) 12 and (5)
1
2 that are composed by respectively (2) 2Π and (3) 2Σ states. Some
of these deeply levels of (4) 12 and (5)
1
2 have a PA rates with only one order of magnitude lesser than the
largest ones. These high values can be explained by the relative position of the (4) 12 and (5)
1
2 potential
wells with respect to the ground state one that favors the contribution of the distances at the inner turning
point of the ground state in the PA rate.
The intermediate levels have the largest PA rates. This comes from the competition between the FC
factors and the value of TDMs at the outer turning point as illustrated on Fig.4. Due to their most important
composition in (2) 2Π and (3) 2Σ states, the largest rates are obtained with the states (4) 12 and (5)
1
2 :
1.37 × 10−15 cm−3s−1 at 12295.1 cm−1 (v′ = 44), and 5.37 × 10−16 cm−3s−1 at 12601.3 cm−1 (v′ = 36),
10
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Figure 5: Photoassociation rates for 87Rb84Sr levels as a function of the PA laser wavenumber, for states
correlated to the 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2) dissociation limit. (a) (7) 12 in black, and (8)
1
2 in red. (b)
(5) 12 in black, and (6)
1
2 in red. (c) (4)
1
2 in black. (d) (2)
3
2 in black, (3)
3
2 in red, (4)
3
2 in blue.
respectively. For the (6),(7) and (8) Ω = 12 states, the PA rates significantly increase, due to the admixture
of doublet states in addition to the quartet component at large interatomic separation, but remain smaller.
Finally, close to the asymptotes, the PA rates significantly drop down for all states, for example at a
detuning around 0.15 cm−1, the PA rates take the values : 7.2×10−20 cm−3s−1 and 2.7×10−22 cm−3s−1 for
respectively the (4) 12 and (5)
1
2 states. Therefore PA already appears as a challenge close to the asymptote.
New results for PA in RbSr are available [37]. In particular, the authors report difficulties to observe PA
close to the 87Rb(5s 2S)+84,87Sr(5s5p 3P1) asymptote, and measure small photoassociation rates. Such low
rates are consistent with the low rates of our calculations.
The results for the 32 are rather similar (Fig. 5d). The maximal PA rate (4.7 × 10−16 cm−3s−1 for a
detuning of 13018.32 cm−1 (v′ = 59)) is found for the (2) 32 , mainly composed of doublet states. Close to the
asymptote, they also become rather low, remaining for the (4) 32 as large as the
1
2 states.
The computed energy variations of the UMF rates are found very similar to those of the PA rates, and
are displayed in the Appendix for the sake of conciseness. Using Eq. (7), we find that the sum of squared
overlap in Eq. (7) decreases for (4) 12 and (5)
1
2 while increases for (6)
1
2 and (7)
1
2 due to the admixtures
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Figure 6: Distribution of vibrational populations (displayed in percentage) of the ultracold 87Rb84Sr molecules
created after spontaneous emission from several photoassociated levels belonging to states converging toward
the 3P0 ((4) 12 ) and 3P1 ((5)
1
2 and (2)
3
2 ) limits . (a) the v′ = 43 (black line), v′ = 10 (red line) and v′ = 129
(pink line) levels of (4) 12 and the v′ = 5 (blue line) level of (5)
1
2 . (b) the v′ = 59 (black line), v′ = 11 (red
line) and v′ = 124 (blue line) levels of (2) 32 .
between doublet and quartet states as already explained for the PA rates. However, over the entire range,
it is always in the same order of magnitude and does not induce a change of the spectra of UMF rates with
respect to the PA one. The vibrational distributions in the ground-state levels (see Eq. (8)) are displayed in
Fig. 6 for few typical photoassociated levels v′ : deeply levels (v′ = 5 of (4) 12 , v′ = 10 of (5)
1
2 and v′ = 11
of (2) 32 ), intermediate levels (v′ = 43 of (4)
1
2 and v′ = 59 of (2)
3
2 ) that have the largest PA rates, and
the last bound levels (v′ = 129 of (4) 12 and v′ = 124 of (2)
3
2 ). The deeply-bound levels can yield a main
fraction of the population in the ground state v′′ = 0 level, as it can be expected from the favorable relative
position of the minimum of the corresponding potential well in the excited and in the ground state. The
levels with the largest PA rates (in the (4) 12 and the (2)
3
2 states) induce a population spread over numerous
ground state vibrational levels, with no specific emergence of a particular level (a maximum population being
found however for respectively level v′′=16 (Ebind=-541 cm−1) and v′′=23 (Ebind=-372 cm−1)). Finally, for
the last bound levels, different levels with binding energies below 200 cm−1 are populated. The population
goes to zero for the last bound levels of ground state and it is a consequence of the vanishing TDM at large
distance.
3.3 The Rb(5p 2P1/2,3/2)+Sr(5s2 1S) dissociation limit
The computed PA rates for both Ω = 12 and Ω =
3
2 states are displayed in Fig. 7. The analysis of these PA
spectra could be also divided for deeply-bound levels on one hand, and for levels close to the asymptotes on
the other hands. For deeply levels, the PA rates are more important for (2) Ω = 12 than for (3) Ω =
1
2 . This
striking difference is at first sight counter-intuitive. The levels from (2) 12 state composed mainly of 2Π (low
value at short-range) state have larger PA rates than levels from (3) 12 state composed mainly of 2Σ+ (high
value at short-range). A deeper study show that the main parameter is the overlaps and so the FCFs that
are specially weak for the deeply-bound levels of (3) 12 state. Close to the asymptotes, PA rates quickly rise.
The results are very similar to those obtained for the alkali-metal dimers, as the dominant role is given to the
dipole-allowed Rb transition. In a classical view, PA takes place mostly at large interatomic distances, where
the electronic TDM is large, and where the overlap between the relevant radial wave functions is favored.
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Figure 7: Photoassociation rates for the bound levels of (a) the (2) 12 , (3)
1
2 states, and (b) of the (1)
3
2 state,
correlated to the Rb(5p 2P1/2,3/2)+Sr(5s2 1S) dissociation limit and identified by the laser wavenumber.
This could be seen on Fig.4 b). The rate magnitude is found similar to the one for Rb photoassociation
[46]. The maximal values (10−10− 10−11 cm−3s−1) close to the dissociation limits are tedious to compare to
experiment, as the cloud of cold atoms is strongly perturbed if the PA laser is tuned too close to the atomic
resonance.
As previously, the UCM rate variations with the PA laser frequency are very similar to the ones of the
PA rates, and are displayed in the Appendix. The computed vibrational distributions generated by the
photoassociated levels are actually quite remarkable, as illustrated in Fig.8 for the uppermost PA levels.
They reflect an almost diagonal Franck-Condon matrix, namely each photoassociated level almost populates
a single ground state level: for instance, the last-but-one ground-state level (noted v′′ = −1 for convenience)
is populated at 97.75% by the last-but one (also noted v′ = −1 for convenience) level of (2) 12 , at 99.98 %
with the v′ = −1 level of (3) 12 , and at 99.94% of (1) 32 . The purity of the relaxation process is worse when
the detuning is increased. But in any case, only weakly-bound ground state molecules could be efficiently
created. Note that this situation has been also investigated in Ref. [36] based only on the Franck-Condon
factors, yielding results similar to ours.
4 Formation of ultracold weakly-bound molecules by a STIRAP
transfer in a tight optical trap
In the previous section, we have shown that the formation of RbSr ground-state molecules could be achieved
by PA. However, the spontaneous emission induces two well-known drawbacks: the loss of atoms from the
trap, and a broad distribution of occupied vibrational levels. Even if this last point is minimized when PA is
implemented with a laser frequency close to the dipole-allowed Rb transition (see Section 3.3), employing a
coherent method avoiding spontaneous emission would decrease the loss of atoms. The most efficient method
of coherent population transfer is the STimulated Rapid Adiabatic Passage (STIRAP) method [47] relying
on a proper choice of three energy levels, refereed to as a Λ system. It allows the coherent population transfer
between an initial level |i〉 and a final level |f〉 through a dark state involving an excited level |e〉. When the
two-photon detuning δ is zero, one of the instantaneous eigenstates of the Hamiltonian including the light
is a coherent superposition of only |i〉 and |f〉 and is the so-called dark state. The transfer could be made
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Figure 8: Distribution of vibrational populations (displayed in percentage) of the five uppermost vibrational
levels (labeled as v = −1,−2,−3,−4,−5 for convenience) of the 87Rb84Sr ground state, generated after
spontaneous emission from the photoassociated levels of the (2) 12 , (3)
1
2 , and (1)
3
2 states (panels (a), (b)
and (c), respectively) identified by the PA laser wavenumber.
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without populating the intermediate level |e〉, thereby avoiding loss by spontaneous emission. The complete
population transfer from |i〉 to |f〉 is achieved by the application of a pair of pump and dump pulses in a
counter-intuitive order. As the system must remain in the dark state during all the process, the dynamics
has to be adiabatic, thus imposing constraints on the corresponding Rabi frequencies Ωpump and Ωdump:
they must have the same order of magnitude, and they must be sufficiently large to satisfy the condition
Ωpump,dumpT >> pi where T is the duration of the pulses.
The use of STIRAP in a PA experiment (i.e. without relying on Feshbach resonances) was previously
investigated [48], revealing some difficulties due to the fact that the initial level belongs to a dissociation
continuum, preventing the perfect creation of the dark state. One can overcome this drawback by placing the
initial cold atoms in a tight optical trap (say, at a typical wavelength of 1064 nm), such that the motional
states of the atom pair become quantized [26]. At ultracold temperature, the atoms occupy the lowest
motional level of the trap. Therefore, the radial wave function of the atom pair should be localized at shorter
distance, and the Franck-Condon factors with the bound levels of excited electronic states should increase.
The Hamiltonian describing two non-identical atoms of mass m1 and m2 at positions ~r1 and ~r2 in an
optical anharmonic trap with harmonic frequencies ω1 and ω2 felt by each atomic species, is [49]
Htrap = − ~
2
2M∆com +
1
2Mω
2
comR
2
com −
~2
2µ∆R +
1
2µω
2
RR
2 + V (R) + µ∆ω ~Rcom. ~R+ Vanharm (9)
with the total mass M = m1 +m2, the reduced mass µ = m1m2M , the position of the center-of-mass ~Rcom =
m1~r1+m2~r2
M , the relative position vector ~R = ~r1 − ~r2, and ∆ω =
√
ω21 − ω22 . The first two terms represent
the center-of-mass motion in the trap, with frequency ωcom =
√
m1ω21+m2ω22
m1+m2 . The next three terms describe
the relative motion of the atom pair interacting through the potential V (R), in the presence of a trapping
potential of frequency ωR =
√
m2ω21+m1ω22
m1+m2 . These two motions are in principle coupled by the anharmonic
terms Vanharm of the trapping potential, and by a dynamical term proportional to ~Rcom. ~R. The former can
be safely neglected if we assume that the atoms are trapped in the lowest motional level. The latter depends
on the differences of masses and polarizabilities that are almost the same in our case. In our calculation, we
have therefore neglected the coupling between the two motions, and worked with relative coordinate. We
have taken the experimental trapping frequencies 2pi × 65 kHz for 84Sr and 2pi × 110 kHz for 87Rb [?]. The
characteristic length of the relative motion in the trap is aω =
√
~/µωrel = 969 a.u. which is much larger
than the scattering length. Therefore, the tight trap does not induce any significant modification of bound
levels of the ground and excited molecular states. The eigenstates of Htrap for the ground and excited states
of Fig.3 as well as the transition matrix elements are computed with the same procedure than in the previous
sections. The main difference is that the radial wave functions of the trap states are now normalized to unity,
as they are no longer continuum states.
The initial level |i〉 is taken as the first trap state. For the final level |f〉, we have first chosen the vibronic
ground-state level (v′′ = 0). In addition, we have examined the possibility to improve the STIRAP process
toward another final level. The crucial element of the model is the choice of the best possible intermediate
level |e〉 belonging to an excited electronic state. Two requirements must be considered, independently of
the experimental laser intensities used in the experiment: the squared matrix elements of the transition
dipole moment (squared TDMEs in short) for the pump and dump transitions must be of the same order of
magnitude, and be sufficiently high (typically more than 10−6 a.u., see for instance Ref.[17]).
For the transfer toward |f〉 ≡ |v′′ = 0〉 via the states |e〉 correlated to 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2)
(Fig. 9a), the squared TDMEs curves for the pump and dump transitions cross twice each other, around
12000 cm−1 and 14500 cm−1 with very weak magnitudes (10−9 − 10−10 a.u.). A similar conclusion holds for
the transfer via the levels |e〉 belonging to states correlated to Rb(5p 2P1/2,3/2)+Sr(5s2 1S), where the two
curves cross once around 8500 cm−1 (Fig. 9c) with a low magnitude (10−9 a.u.). These statements actually
reflect the behavior of the corresponding PA rates of Figs. 5 and 7. While providing a discrete level for the
initial state for STIRAP, the choice of a confined trap level for the pump step does not significantly improve
the magnitude of the squared TDMEs compared to the conventional PA starting from a real continuum state.
Panels (b) and (d) in Fig. 9 illustrate another possible way to progress on the way to the creation of
ultracold RbSr molecules. We have calculated the TDMEs involved in the transfer from the initial trap state
toward the v = −3 level of the RbSr ground state, leading to a contrasted result: while the STIRAP transfer
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Figure 9: Squared matrix elements of the transition dipole moment (squared TDMEs in short) relevant
for the formation of 87Rb84Sr molecules with STIRAP, starting from an atom pair confined in the lowest
motional level of a tight optical trap (see text for details), as a function of the excitation energy of the chosen
intermediate level |e〉. Pump transitions: black lines; dump transitions: red lines. Panels (a) and (c) (rep.
(b) and (d)) correspond to the final level |f〉 ≡ v′′ = 0 (resp. |f〉 ≡ v′′ = −3) of the electronic ground state.
The levels |e〉 belong to all electronic states Ω = 12 correlated to 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2) (panels (a)
and (b)), and to Rb(5p 2P1/2)+Sr(5s2 1S)) (panels (c) and (d)).
does not seem to be possible via |e〉 levels belonging to states correlated to 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2)
(Fig. 9b)), it appears doable via |e〉 levels close to the Rb(5p 2P1/2,3/2)+Sr(5s2 1S) dissociation limit (see
the extreme right part of the Fig. 9 d), for which the squared TDMEs for the pump and dump transitions
can reach similar values up to 10−5 a.u. In fact, the last five bound levels could be populated by a STIRAP
with an intermediate level close to the asymptotes 2P1/2 or 2P3/2 (see table 3). As expected, the STIRAP
is more tedious for deeper final levels. In conclusion, the STIRAP method in a tight trap can create only
weakly-bound 87Rb84Sr ground state molecules, just like PA or MFR.
5 Population transfer from weakly-bound RbSr ground-state molecules
to the rovibrationnal ground state
In the two last sections, we have shown that the formation of weakly-bound 87Rb84Sr ground-state molecules
is achievable by PA and by STIRAP in a tight trap. A second STIRAP step could then be implemented
to transfer these molecules into the lowest level of the ground state. Such a double STIRAP sequence has
already been applied for ultracold Cs2 molecules [50]. We have looked for an optimal STIRAP transfer
starting from the five uppermost ground state levels above, now labeled as vi = −1,−2,−3,−4,−5.
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Table 3: Characteristics of the optimal transitions for the STIRAP scheme in a tight trap via an intermediate
level close to Rb(5p 2P1/2)+Sr(5s2 1S)). The initial level is the first trap state, with an energy of 5.10−6 cm−1
(or about 150 kHz) above Rb(5s 2S1/2)+Sr(5s2 1S). The final level of the ground state is labeled with negative
index v˜f starting from the Rb(5s 2S1/2)+Sr(5s2 1S) asymptote, with a binding energy Ef . The vibrational
index ve and binding energy Ee of several optimal intermediate levels are displayed. The energies Epump and
Edump, and the related squared transition dipole moments |die|2 and |def |2 of the pump and dump transitions
are also reported. Numbers in parenthesis hold for powers of 10.
v˜f -1 -2 -3 -4 -5
Ef (cm−1) 1.3(-3) 2.58(-2) 1.147(-1) 3.112 (-1) 6.573 (-1)
ve 161 201 199 198 197
3( 12 ) 2(
1
2 ) 2(
1
2 ) 2(
1
2 ) 2(
1
2 )
Ee (cm−1) 2.9 (-3) 2.0(-3) 7.16(-2) 1.755 (-1) 3.494 (-1)
Epump (cm−1) 12895.4000 12657.7979 12657.7279 12657.6238 12657.4490
|die|2 (a.u.) 6.2 (-2) 4.5 (-4) 9.3 (-5) 2.8 (-6) 2.8 (-5)
Edump (cm−1) 12895.4012 12657.8238 12657.8426 12657.9350 12658.1063
|def |2 (a.u.) 1.2 (0) 7.4 (-4) 2.3 (-4) 7.1 (-6) 2.5 (-5)
We have identified three efficient STIRAP paths in three different spectral zones, based upon the same
criterion than above of the equality of the squared TDMs for the pump and dump transitions:
• the first scheme relies on intermediate levels of the 2( 12 ) state correlated to Rb(5p 2P1/2)+Sr(5s2 1S)),
corresponding to Epump in the 4570-4890 cm−1 range, and Edump in the 5625-5945 cm−1 range (Table
4, and Fig10a). Despite a strong magnitude of the corresponding squared TDMs, that may not be the
most practical frequencies to implement experimentally. As already noticed before, the possibility to
use the lowest bound levels of the intermediate state comes from the relative position of PECs, and from
the position of the inner turning point of the initial weakly-bound vibrational wave function, located
close to the equilibrium distance of excited states.
• The second scheme relies on the same intermediate state, with levels that can be reached with Epump in
the 7175-7590 cm−1 range, inducing Edump located in the 8230-8640 cm−1 range (Table 5, and Fig10a).
This scheme is expected to be slightly less efficient than the previous one, but in a more accessible
frequency domain for the STIRAP lasers. This solution involves the vibrational levels close to the
avoided crossing between the 2Σ+ and 2Π states (see fig. 9 ).
• The third scheme involves levels of the 4( 12 ) state correlated to Rb(5s 2S)+Sr(5s5p 3P2) (Table 6, and
Fig10b), with Epump in the 11200-11360 cm−1 range, and Edump in the 12255-12415 cm−1 range. This
corresponds to levels with an energy close to the avoided crossing visible in Fig. 9. The efficiency of
this STIRAP path seems to be the best of the three presented in this work. The advantage of this path
is that a laser Ti:sapphire could be used.
Chen et al. [36] have proposed another STIRAP path using the v′ = 21 level of the (2) 12 state as the
intermediate level, relying on a hypothesis different than ours: the selected intermediate level should be the
one with the largest value for the product of the squared TDMs for the pump and dump transitions (actually
reduced to FCF in their paper). The drawback of such a methodology is that the squared TDMs for the
pump and the dump transitions could be vastly different, thus implying very different laser intensities. It is
indeed the case here, as there are 4 orders of magnitude of difference for squared TDM. The advantage of
STIRAP path presented in our work is that the intensities for the two transitions would be similar.
6 Conclusion
In this work, we have made a complete investigation about ways to create ultracold 87Rb84Sr bosonic
molecules in their rovibronic absolute ground state by all-optical methods. We have modeled the pho-
toassociation of (87Rb,84Sr) atom pairs close to two atomic transitions: the allowed 5s2S1/2 → 5p 2P1/2,3/2
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Figure 10: Squared matrix elements of the transition dipole moment (squared TDMEs in short) relevant
for transferring population from v”=-3 to v”=0 with STIRAP as a function of the excitation energy of
the chosen intermediate level |e〉. Pump transitions: black lines; dump transitions: red lines. Panels (a)
(resp. (b)) correspond to STIRAP with intermediate levels belonging to all electronic states correlated to
Rb(5p 2P1/2)+Sr(5s2 1S) (resp. 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2
Table 4: Characteristics of the optimal transition for the first STIRAP scheme with an intermediate level
belonging to an PEC correlated to the asymptotes 2P1/2 and 2P3/2.The final level is the rovibrational ground
state (v′′ = 0). The vibrational number and binding energy Ee are given for the intermediate level. The
energies Epump and Edump and the related squared transition dipole moments |die|2 and |def |2 of the pump
and stoke transition are also reported. Number in parenthesis hold for powers of 10.
vi -1 -2 -3 -4 -5
Ei (cm−1) 1.3(-3) 2.58(-2) 1.147(-1) 3.112 (-1) 6.573 (-1)
vf 0 0 0 0 0
Ef (cm−1) 1054.3406 1054.3406 1054.3406 1054.3406 1054.3406
ve ((2) Ω = 12 ) 4 4 5 6 6
Ee (cm−1) 7926.4524 7926.4524 7847.7908 7769.4210 7769.4210
Epump (cm−1) 4731.3473 4731.3473 4810.3193 4889.0356 4889.0356
|die|2 (a.u.) 2.1 (-7) 1.7 (-6) 4.5 (-6) 1.2 (-5) 2.0 (-5)
Edump (cm−1) 5785.6882 5785.6882 5864.3497 5942.7196 5942.7196
|def |2 (a.u.) 6.1 (-6) 6.1 (-6) 2.4 (-5) 7.6 (-5) 7.6 (-5)
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Table 5: Same as Table 4 for the second STIRAP scheme with an intermediate level belonging to a PEC
correlated to the asymptotes 2P1/2 and 2P3/2.
vi -1 -2 -3 -4 -5
Ei (cm−1) 1.3(-3) 2.58(-2) 1.147(-1) 3.112 (-1) 6.573 (-1)
vf 0 0 0 0 0
Ef (cm−1) 1054.3406 1054.3406 1054.3406 1054.3406 1054.3406
ve ((2) Ω = 12 ) 40 40 39 37 37
Ee (cm−1) 5275.7563 5275.7563 5344.3918 5482.5236 5482.5236
Epump (cm−1) 7382.0436 7382.0687 7313.5220 7175.5865 7175.9330
|die|2 (a.u.) 2.5(-7) 2.1 (-6) 1.4 (-6) 1.1 (-5) 1.9 (-5)
Edump (cm−1) 8436.3843 8436.3843 8367.7488 8229.6170 8229.6170
|def |2 (a.u.) 1.8 (-6) 1.8 (-6) 3.8 (-6) 1.6 (-5) 1.6 (-5)
Table 6: Same as Table 4 for the third STIRAP scheme with an intermediate level belonging to a PEC
correlated to the asymptotes 3P0,3P1 and 3P2.
vi -1 -2 -3 -4 -5
Ei (cm−1) 1.3(-3) 2.58(-2) 1.147(-1) 3.112 (-1) 6.573 (-1)
vf 0 0 0 0 0
Ef (cm−1) 1054.3406 1054.3406 1054.3406 1054.3406 1054.3406
ve ((5) Ω = 12 ) 16 15 15 15 15
Ee (cm−1) 2746.0037 2746.0131 2746.0131 2746.0131 2746.0131
Epump (cm−1) 11675.2972 11626.3119 11626.4005 11626.5954 11626.9390
|die|2 (a.u.) 7.4 (-6) 2.0 (-5) 5.5 (-5) 1.1 (-4) 1.7 (-4)
Edump (cm−1) 12414.0104 12362.3483 12362.3483 12362.3483 12362.3483
|def |2 (a.u.) 1.8 (-5) 9.8 (-5) 9.8(-5) 9.8 (-5) 9.8 (-5)
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Rb transition, and the 5s2 1S → 5s5p 3P0,1,2 intercombination in strontium. As expected the photoassoci-
ation spectra show opposite behaviors. In the former case, the photoassociation rates are very high close
to the asymptote. In the latter case, the photoassociation rates are very low close to the asymptotes. The
distributions of ground-state vibrational levels after spontaneous emission are also different. Mainly one
vibrational level is populated in the former case, but this level is highly excited. In the latter case, the
lowest rovibrational level of the ground state could be populated, but many other vibrational levels as well.
Therefore a further step of internal cooling is necessary to achieve a significant creation of ultracold RbSr
molecules in their lowest rovibrational level.
We have then proposed to implement the formation of ultracold 87Rb84Sr molecules by a STIRAP method
in a tight trap. We found that a single STIRAP sequence to reach the lowest rovibrational ground-state
level is tedious with moderate laser intensity. However, with an intermediate level close to the allowed
5s2S1/2 → 5p 2P1/2,3/2 Rb transition, a STIRAP schema is possible for populating one of the five last
vibrational levels of the ground state. We then completed our study by modeling a further STIRAP sequence
to efficiently transfer the population from these uppermost levels toward the lowest rovibrational ground-state
level. Three STIRAP schemes have been identified in three different spectral zones.
Together with the recent spectacular experimental achievements of the Amsterdam group [25, 37] revealing
magnetic Feshbach resonances in RbSr and a novel description of the entire PEC of the RbSr ground state,
the present work should help to progress toward the realization of a molecular sample of ultracold RbSr
polar molecules. From our investigation it appears that in contrast to the ongoing experiment, considering
the possibility to use lasers close to the allowed 5s2S1/2 → 5p 2P1/2,3/2 Rb transition, would probably be
necessary to reach this objective.
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Appendix
In Figs 11 and 12 we display the UMF rates corresponding to the situations treated in Section 3. We recall
that these rates are obtained with Eq.(7) which disregards the R-dependent TDM for the RE step. Therefore
these graphs are intended to yield a global illustration of the variation of the UMF rate with the detunings,
while the calculation of the vibrational distributions of the ground-state molecules are indeed computed
taking in account these TDMs (see Eq. (8)).
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Figure 11: Ultracold molecule formation rates for 87Rb84Sr levels as a function of the PA laser wavenumber,
for states correlated to the 87Rb(5s 2S)+84Sr(5s5p 3P0,1,2) dissociation limit. (a) (7) Ω = 12 in black, and (8)
Ω = 12 in red. (b) (5) Ω =
1
2 in black, and (6) Ω =
1
2 in red. (c) (4) Ω =
1
2 in black. (d) (2) Ω =
3
2 in black,
(3) Ω = 32 in red, (4) Ω =
3
2 in blue.
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Figure 12: Ultracold molecule formation rates for the bound levels of (a) the (2) Ω = 12 , (3) Ω =
1
2 states,
and (b) of the (1) Ω = 32 state, correlated to the Rb(5p 2P1/2,3/2)+Sr(5s2 1S) dissociation limit.
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